Introduction
Coarse woody debris (CWD) is a component of forest detritus typically defined as downed and dead wood of a certain minimum size. Sampling methods and estimates of CWD resources are critical to numerous scientific fields such as carbon accounting (Smith et al., 2004) , wildlife habitat assessment (for examples see Maser et al., 1979; Harmon et al., 1986; Bull et al., 1997) , and fuel loading estimation (Van Wagner, 1968; Woodall et al., 2004; Lutes et al., 2006) . CWD provides a diversity (stages of decay, size classes, and species) of habitat for fauna ranging from large mammals to invertebrates (Maser et al., 1979; Harmon et al., 1986; Bull et al., 1997) . Plants use the microclimate of moisture, shade, and nutrients provided by CWD to establish and regenerate (Harmon et al., 1986) . Due to the possibility of dwindling CWD habitat for native species and increasing fuel loadings across the United States, comprehensive large-scale inventories of CWD have been established for habitat assessments/wildlife conservation efforts and fire hazard mitigation efforts (for examples see Marshall et al., 2000; Ohmann and Waddell, 2002; Tietje et al., 2002; Rollins et al., 2004; Woodall and Monleon, 2008) . Worldwide, there has been increased effort during past years to inventory CWD resources to address greenhouse gas offset accounting and biodiversity concerns (Kukuev et al., 1997; Woldendorp et al., 2004; Woodall et al., in press ).
The method generally preferred for inventorying CWD resources during fuel assessments is to record the attributes of CWD at the point of intersection with a sampling transect (Ringvall and Stahl, 1999) (for examples see Van Wagner, 1968; Brown, 1971 Brown, , 1974 Van Wagner and Wilson, 1976) . Transect diameter (D T ), species, and decay class are attributes often recorded at the point of intersection (Brown, 1974) . These transects have become so ubiquitous in assessments of fuel loadings that they are often referred to as ''Brown's Transects'' (for examples see Knapp et al., 2005; McIver and Ottmar, 2007) .
The measurements of CWD intersection attributes allow accurate estimation of volume (Van Wagner and Wilson, 1976) and, subsequently, biomass and carbon. However, this widely used fuel sampling protocol does not include measurement of CWD endpoint diameters and length. Estimates of coarse woody debris diameter distributions (small-or large-end diameter) and pieces per unit area are not possible without these measurements (see Table 1 in Marshall et al., 2000) . These estimates are necessary for wildlife habitat assessments (for examples see Ohmann and Waddell, 2002; Tietje et al., 2002) and numerous forest management activities (Marshall and Davis, 2002) . Given such wide use of CWD sample protocols that result in estimates of limited use to many wildlife and forest management efforts, development of models to predict CWD dimensions based on CWD transect intersection measurements is warranted. Therefore, the goal of this study was to develop a nationwide system of models, stratified by Bailey's ecological provinces (Bailey, 1995) , to predict the smallend (D S ), large-end (D L ), and total length of CWD pieces based on variables measured at the point of intersection with a sampling transect (D T , softwood/hardwood species classification, and decay class).
Methods

National inventory of coarse woody debris
The FIA program is responsible for inventorying the forests of the United States, including both standing trees and dead wood on permanent sample plots established across the United States using a three phase inventory (Bechtold and Patterson, 2005) . During the inventory's first phase, sample plot locations are established at an intensity of approximately 1 plot per 2400 ha. If the plot lies partially or wholly within a forested area, field personnel will visit the site and establish a second phase inventory plot. FIA's second phase inventory plots consist of four 7.32-m fixed radius subplots for a total plot area of approximately 0.07 ha. All standing trees greater than 12.7-cm diameter at breast height (dbh) are inventoried on the plot, while trees less than 12.7-cm dbh are measured on a 2.07-m fixed radius microplot on each subplot. During FIA's third phase, one of every 16 phase two plots are sampled for down woody materials including CWD. CWD pieces are defined as down woody debris in forested conditions with a diameter greater than 7.60 cm along a length of at least 1.3 m and a lean angle greater than 458 from vertical. Dead woody pieces with a lean angle less than 458 from vertical are considered standing dead trees (i.e., snags) and were not included in this study. CWD are sampled on each of three 7.32-m horizontal distance transects radiating from each FIA subplot center at azimuths of 308, 1508, and 2708, totaling 87.8 m for a fully forested inventory plot. Data collected for every CWD piece include D T , D S , D L , decay class (DC), length, and species. D T is the diameter of a CWD piece measured perpendicular to its center longitudinal axis at the point of intersection with a sampling transect using a diameter tape. Length is defined as the total length of the CWD piece between the D S and D L measurements. DC is a subjective determination of the amount of decay present in an individual log. A DC of 1 is the least decayed (freshly fallen log), while a DC of 5 is an extremely decayed log (cubicle rot pile) (Sollins, 1982; Waddell, 2002) . The species of each fallen log is identified through determination of species-specific bark, branching, bud, and wood composition attributes (excluding DC 5 pieces). CWD pieces with a DC of 5 are not measured for end point diameters in order to gain field efficiency. Based on this data limitation, pieces with a DC of 5 could not be included in the study's calibration or validation data sets. (For further details regarding FIA's inventory, please refer to USDA, 2005; Woodall and Monleon, 2008.) 
Data
CWD data used to develop this study's models were from the Forest Service's FIA program. FIA has been tasked by the U.S. Congress to report on the current status and trends in U.S. Forest Resources (Frayer and Furnival, 1999; Gillespie, 1999) . FIA initiated a nationwide inventory of CWD in 2001 (Woodall and Monleon, 2008 ecological province. A model validation data set was created from the 2006 field season which included over 5400 observations (excluding pieces with a DC of 5) (Table 1b) .
Analysis and prediction models
To explain the diversity of CWD conditions across the U.S., all models were developed for either softwood or hardwood classes of CWD species and stratified by Bailey's ecological province. The softwood/hardwood classes were used to reflect excurrent/ decurrent growth habits. Bailey's ecological provinces were used to stratify observations due to its wide availability, its current use in FIA's national database structure for other applications (e.g., phase three stratified estimation), and its ability to broadly reflect unique climatic/ecological regions across the United States. Even so, insufficient sample sizes of some ecological provinces necessitated collapsing them into groups of the most similar provinces. For example, Provinces 251 and 255 were combined due to sparse forest inventory plots in the Midwestern Prairie/Parkland areas. Additionally, for certain unique provinces the hardwood and softwood species groups were collapsed into one group termed ''all.'' The collapsing of Bailey's provinces and softwood/hardwood/ all species groups resulted in 26 unique combinations for subsequent CWD model building (Table 1a) .
To conform to the objectives of the study and observed relationships in the data, we specified the regression model for D L aŝ The small-end diameter (D S ) model formulation iŝ
whereD S : small-end diameter (cm).
We utilized the end diameters estimated from Eqs.
(1) and (2) along with decay class to model CWD length:
where L: length (m).
The employed methodology results in a system of equations for predicting CWD size and length attributes. A specific characteristic of this system is that predicted values from Eqs. (1) and (2) are needed to implement the length prediction model (3). These simultaneous equations must be handled with appropriate regression analysis techniques to obtain unbiased results (Hasenauer et al., 1998) . We used the 3-stage least squares (3SLS) method, which accounts for the endogenous variables and crossequation error correlations (Jorgenson and Laffont, 1974) .
Model validation
The D L , D S , and length models were applied to 2006 field season observations, which were unavailable at the time of model development. To avoid potential correlations between observations that might be introduced (some plots were measured in both 2001 and 2006) , these data were not used to re-calibrate the models upon completion of the validation exercise. Additionally, CWD piece volumes (Smalian's volume equation, Woodall and Monleon, 2008) were determined using actual and estimated dimensional measurements and compared. Finally, validation results were compared with FIA field crew measurement tolerances to discuss study results in the context of a large-scale inventory. Tolerance defines the acceptable range of differences between independent measurements by FIA field crews (AE5.1 cm for D L and D S , AE20% for length) (Westfall and Woodall, 2007) . 
Results
The performance of the D L model varied considerably across the 26 groups ( 
D T is transect diameter and DC is decay class. ''all'' species group indicates insufficient sample size such that all species were included in the model fitting. Model specified asL
small-end diameter from (Eq. (2)),D L is large-end diameter from (Eq. (1)), and DC is decay class. a ''-'' indicates no observations for a particular ecological province and species combination, ''all'' species group indicates insufficient sample size such that all species were included in the model fitting. WMQO is the percent within minimum quality objectives . . . a measurement quality tolerance subjectively set by the FIA program for field crews.
DC interaction was significant to maintain the complete model (Harrell, 2001 Validation results indicated that the system of CWD dimension models were largely unbiased (Table 5) . Of the 78 sets of model coefficients, all but four mean residuals were not statistically different from zero at the 95% confidence level. The majority of the D L model's residual means by ecological province and species group were below 1.50 cm. Similarly, the majority of the D S model's residual means by ecological province and species group were below 1.00 cm. Although most length model residual means by ecological province and species group were below 1 m, the standard deviations were substantial, typically exceeding 3 m. To further evaluate the validation results, residuals were compared to the measurement tolerances expected of actual field crews (AE5.1 cm for D L and D S , AE20% for length). The percentage of residuals for all models within tolerance was 75, 86, and 20% for D L , D S , and length, respectively. An evaluation of actual field crew measurements within tolerance found ranges of 72.7-90.5% for D L , 80.0-94.9 for D S , and 72.2 for length (Westfall and Woodall, 2007) . Finally, in order to evaluate the model's ability to predict overall CWD piece volume (predicted D L , D S , and length variables used in Smalian's log rule), the residuals between actual and predicted log volume were examined. Mean volume residuals ranged from À0.73 to 0.32 m 3 with substantial standard deviations. Additionally, there appeared to be a tendency for CWD piece volume to be slightly underestimated using this study's system of equations.
Discussion
These models may explain as much variation in CWD dimensional attributes as can be expected given the wide range of CWD conditions found in a diversity of site and stand conditions across the country. As indicated by both fit statistics and validation, the D L and D S models were the most robust, followed by the length model. Most modeled D L and D S estimates achieved nearly the same measurement quality expected of actual field crews. Many CWD wildlife habitat assessments depend on CWD D L and D S distribution assessments. We suggest that because most D L and D S models had R 2 values exceeding 0.60, along with satisfactory validation results, these models may be used in lieu of measuring CWD endpoint diameters if field efficiency concerns preclude their measurement. However, if modeled variables were to be included in population estimation procedures, then necessary steps to incorporate model error into estimator variance would be expected. Additionally, it should be noted that the standard deviations of residual means were in many cases substantial, possibly exceeding what might be tolerated in small-scale inventories.
The length models were less statistically robust with fair validation results. Only 20% of length model residuals were within the tolerance expected of field crews while most models had an R 2 values under 0.30. Unfortunately, length may be more difficult to model due to natural variability in mortality and disturbance events. Large-scale blowdown events on lower quality sites might result in numerous short CWD pieces while small-scale mortality events on higher quality sites might result in long CWD pieces. Stand dynamics such as these are difficult to quantify and model. Therefore, the CWD length model should be used only when there are no other measurement alternatives with results couched in the model's weak strength and validation results.
When considering all three CWD models as a system, the CWD piece volume results might be the most telling of model performance. Numerous groups had mean volume residuals 0.02 m 3 or less. Models for softwood species in west coast forest ecosystems (Provinces 242 and 261) had the poorest validation results. These ecosystems have a high likelihood of containing largesized CWD pieces (e.g., redwoods, Sequoia sempervirens). Therefore, it is not recommended that these models replace detailed CWD inventories in ecosystems with atypical, large-sized CWD pieces. Although this study's models may not be appropriate for prediction of individual CWD piece attributes in certain situations, they represent an average response across a population and may be appropriate for obtaining unbiased population estimates. Although this study's models may provide an alternative to more time-consuming inventory work, forest inventory specialists still need to choose between measuring and modeling CWD dimensions. For most natural resource inventories (e.g., FIA), population estimation procedures do not explicitly incorporate forest attribute model error into the overall variance estimate (e.g., standing tree volumes, Bechtold and Patterson, 2005) . In such cases, this study's models would offer time savings but with underestimated error. In other cases, such as assessing CWD habitat requirements at relatively small-scales (e.g., National Forests), the reductions in accuracy may not be permissible or acceptable. Time is the factor that might be the major determinant in whether model-based or field measurements of CWD dimensions are chosen. There is a lack of information regarding the time it takes to measure CWD end-point diameters and length. However, Jordan et al. (2004) report an average time per CWD piece of 1.5 min to locate and record end-diameters, length, species, and decay. In a study of 104 logs, Van Wagner and Wilson (1976) found that measuring the diameter at both ends took 2.5 times longer than measuring just the intercept diameter. Using 45 s as a conservative estimate of time required to measure endpoint diameters and length of one CWD piece (it might be considerably higher in mature/old-growth stands), this study's models might save the FIA inventory program only 8 min per fully forested plot (average 10 CWD pieces/plot). However, on some FIA plots where disturbance events have created large volumes of CWD, this study's models may save up to an hour per plot (60 CWD pieces/plot). Overall, modeling CWD dimensions may be preferred over field measurements only when field efficiency is of the highest priority or post hoc analysis of a CWD inventory (i.e., fuel inventory lacking CWD dimension measurement) is being conducted.
Conclusions
CWD dimensional attributes may be modeled adequately for numerous inventory applications, sometimes to the level of measurement precision expected of actual field crews. Ultimately, it is up to forest resource managers to decide if the loss in individual CWD piece dimensional accuracy is worth gains in inventory efficiency, especially for CWD lengths and especially in forest ecosystems containing extremely large CWD. Given that transects are such a widely used field protocol for dead and downed wood assessment nationally (e.g., fuel inventories), this study's models allow further utilization of these inventories for purposes beyond their original intention (e.g., wildlife habitat assessment).
